The interleukin-33 (IL-33)/ST2 pathway has emerged as an intercellular signaling system that participates in antigen-allergen response, autoimmunity and fibrosis. It has been suggested that IL-33/ST2 signaling has been involved in the pathogenesis of rheumatoid arthritis (RA), because IL-33 and its receptor have been specifically mapped to RA synovium. The aim of this study was to determine the levels of IL-33 and sST2 in sera and synovial fluids in patients with RA. The serum level of IL-33 was significantly higher in patients with RA (294.9 ± 464.0 pg/mL) than in healthy controls (96.0 ± 236.9 pg/mL, P = 0.002). The synovial fluid level of IL-33 was significantly higher in RA patients than in osteoarthritis patients. The level of serum sST2 was higher in RA patients than in healthy controls (P = 0.042). A significant relationship was found between the levels of IL-33 and IL-1β (r = 0.311, P = 0.005), and IL-33 and IL-6 (r = 0.264, P = 0.017) in 81 RA patients. The levels of IL-33, sST2 and C-reactive protein decreased after conventional diseasemodifying antirheumatic drugs treatment in 10 patients with treatment-naïve RA. Conclusively, IL-33 is involved in the pathogenesis of RA and may reflect the degree of inflammation in patients with RA.
INTRODUCTION
Interleukin-33 (IL-33) is a member of the IL-1 family, which includes IL-1α, IL-1β, IL-1 receptor antagonist, and IL-18. In humans, IL-33 is found predominantly in the skin, lung, adipocytes, and synovial fibroblasts (1, 2) . Similar to IL-1β and IL-18, IL-33 is considered to be produced intracellularly as pro-IL-33, which does not contain a signal peptide sequence for secretion, and then released extracellularly as mature IL-33 after cleavage. Mature IL-33 has been reported to mediate its biologic effects via T1/ST2 binding by activating NF-κB and MAP kinase (3) .
IL-33 binds to its receptor complex, which comprises ST2L and IL-1 receptor accessory protein on eosinophils, basophils, mast cells, natural killer (NK) cells, Th2 lymphocytes, and invariant natural killer T (iNKT) cells (4) . IL-33 enhances adhesion and CD11b expression in human eosinophils and basophils (5) . IL-33 induces the production of IL-6, IL-1β, tumor necrosis factor-α (TNF-α), monocyte chemotactic protein-1, and prostaglandin D2 production in bone marrow-derived mast cells (6) . It also increases the production of IL-5 and IL-13 by polarized Th2 cells (3) and interferon-γ (IFN-γ) production by both iNKT and NK cells (7) .
ST2 is a member of the IL1R/TLR superfamily. There are three isoforms of ST2 in humans, which are produced by differential splicing of a single transcript: sST2, ST2L, and ST2V. soluble(s) ST2, the secreted soluble form, is expressed in embryonic tissues, mammary tumors, and fibroblasts (8) . The expression of ST2L, a membrane-anchored long form, is restricted to the surface of Th2 cells and mast cells (3) . ST2V is expressed mainly in gastrointestinal organs such as the stomach, large and small intestine, and spleen (9) . Whereas ST2L mediates the effect of IL-33 on Th2-dependent inflammatory processes, sST2 acts as a decoy receptor that prevents the interaction of ST2L with IL-33. sST2 has been implicated in the attenuation of the Th2-induced inflammatory response.
Rheumatoid arthritis (RA) is a chronic inflammatory autoimmune disease characterized by synovitis, bone destruction with pannus formation, and degradation of articular cartilage. It has been suggested that IL-33/ST2 signaling is involved in the pathogenesis of a wide array of diseases including asthma, fibropro- liferative disease, and autoimmune diseases such as systemic lupus erythematosus (SLE), progressive systemic sclerosis, Wegener's granulomatosis, and Behçet's disease. Recent studies have suggested that IL-33/ST2 is involved in the pathogenesis of RA. IL-33 mRNA is expressed in the RA synovial membrane, predominantly in fibroblast-like synoviocytes. IL-33 administration exacerbates collagen-induced arthritis (CIA) in mice, and disease severity is reduced in mice administered with sST2-Fc fusion protein or anti-IL-33 monoclonal antibody (10) . Injection of IL-33 into a joint induces localized mechanical damage or articular hypernociception, which can be inhibited by sST2 treatment in mice (11) .
In patients with RA, the level of sST2 is elevated in the serum (12) . However, little is known about the levels of IL-33 in RA patients. In this study, we measured the levels of IL-33 and sST2 in sera and synovial fluids of RA patients and examined whether the levels of IL-33 or sST2 could reflect the degree of inflammation.
MATERIALS AND METHODS

Patients
This was a multicenter study conducted by Catholic University and Soonchunhyang University in Korea from May 2008 to January 2009. Blood samples were drawn from 81 patients with RA, 18 patients with osteoarthritis (OA), and 50 healthy subjects. Synovial fluids were obtained from 16 RA patients and 10 OA patients, and IL-33 and sST2 levels were measured. RA was diagnosed based on the American College of Rheumatology 1987 criteria (13) . When the patients had never been received any kind of disease-modifying antirheumatic drugs (DMARDs), it was defined as "treatment-naïve". On the other hand, treated RA was defined when the patients had been administered any kind of DMARDs. None of all the patients that were enrolled in this study had ever received the biological agents for the treatment of RA. The serum levels of IL-33, sST2, and C-reactive protein (CRP) were measured before and after treatment with DMARDs in 10 treatment-naïve RA patients.
Enzyme-linked Immunosorbent assay (ELISA) for IL-33, IL-1, IL-6, and ST2/IL-1 R4 The IL-33, IL-1β, and IL-6 concentrations in diluted serum and synovial fluid were measured by sandwich ELISA. Briefly, 4 μg/ mL of monoclonal capture antibody (R&D Systems, Minneapolis, MN, USA) was added to a 96-well plate (Nunc, Rochester, NY, USA) and the plate was incubated for 2 hr at room temperature. The plate was then incubated in blocking solution comprising phosphate-buffered saline (PBS) containing 1% bovine serum albumin and 0.05% Tween 20 for 2 hr at room temperature. All sera and synovial fluid samples were diluted 1:2 by using PBS containing 1% bovine serum albumin and 0.05% Tween 20. And standard curves were also diluted with PBS containing 1% bovine serum albumin and 0.05% Tween 20.
The test samples and standard recombinant IL-33, IL-1β, and IL-6 (R&D Systems) were added to the plates, and the plate was incubated for 2 hr at room temperature. The plate was washed four times with PBS containing Tween 20, 200 ng/mL of biotinylated detection monoclonal antibodies (R&D Systems) was added, and the plate was incubated for 2 hr at room temperature. The plate was washed, streptavidin-alkaline-phosphatase (Sigma-Aldrich, St Louis, MO, USA; diluted 1:2,000) was added, and the reaction was allowed to proceed for 2 hr at room temperature. The plate was washed four times, and 1 mg/mL of pnitrophenyl phosphate dissolved in diethanolamine (both from Sigma-Aldrich) was added to induce the color reaction, which was stopped by adding 50 μL of 1 N NaOH. The optical density at 405 nm was measured on an automated microplate reader (VERSAmax, Molecular Devices, Palo Alto, CA, USA). A standard curve was drawn by plotting optical density versus the log of the concentrations of IL-33, IL-1β, and IL-6. The ST2/IL-1R4 level was measured using the DuoSet ELISA kit (R&D Systems) following the manufacturer's protocol.
Immunohistochemical staining for IL-33 and ST2/IL-1 R4
Biopsy specimens from the synovium of patients with RA and OA were surgically removed and placed in 4% paraformaldehyde solution overnight at 4°C. The fixed tissues were embedded in paraffin and sectioned at 7-μm thickness. Paraffin-embedded slides were deparaffinized by immersion in xylene and then dehydrated in ethanol. Sections were depleted of endogenous peroxidase activity by adding methanolic H2O2. Immunohistochemical staining was performed using a Vectastain ABC kit (Vector, Peterborough, UK). After overnight incubation at 4°C with anti-IL-33 and anti-ST2/IL-1 (R&D Systems), samples were incubated for 20 min with the secondary antibodies, biotinylated anti-goat IgG and then incubated with streptavidin-peroxidase complex for 1 hr followed by incubation with 3,3´-diaminobenzidine (Dako, Glostrup, Denmark) for 5 min. The sections were counterstained with Mayer's hematoxylin, and the samples were photographed with an Olympus (Tokyo, Japan) photomicroscope.
Statistical analysis
All data are expressed as the mean ± standard deviation (SD). Continuous variables from the study were analyzed by the ANOVA and/or the Student's t test with a parametric distribution or the Mann-Whitney U test with a nonparametric distribution. Categorical data were compared using the chi-square test. Correlations between each variable were evaluated using the Spearman rank-order correlation test. All statistical analyses were performed using SPSS software (Chicago, IL, USA). Differences of P < 0.05 were considered significant. 
Ethic statement
The study protocol was approved by the institutional review board of The Catholic University of Korea (HCMC08OT006) and Soonchunhyang University, and signed informed consent was obtained from each patient.
RESULTS
Baseline demographic and clinical characteristics
The clinical and serological characteristics of the patients are described in Table 1 . None of the patients with RA had administered any kind of anti-TNF therapy. Other medications in Table  1 include sulfasalazine, leflunomide and cyclosporine. In the patients with OA, 7 out of 18 were taken NSAIDs only and the rest were not administered any kind of medications.
IL-33 and sST2 levels in sera and synovial fluids As shown in Fig. 1A , the mean value of IL-33 was significantly higher in sera of RA patients than those of healthy controls (294.9 ± 464.0 and 95.9 ± 236.9 pg/mL, respectively, P = 0.002). The serum levels of IL-33 were significantly higher in patients with OA (310.3 ± 462.6 pg/mL) than controls (P = 0.015). The sST2 serum concentration was significantly higher in patients with RA (767.1 ± 1,059.5 pg/mL) than in healthy controls (455.4 ± 621.1 pg/mL, P = 0.042). In contrast to IL-33, the serum levels of sST2 did not differ between the patients with OA (330.4 ± 244.3 pg/mL) and Values are expressed as mean ± SD. *P < 0.05 vs OA; † P < 0.01 vs OA; ‡ P < 0.01 vs control. RA, rheumatoid arthritis; OA, osteoarthritis; HC, healthy control; MTX, methotrexate; HCQ, hydrochloroquine; NSAID, nonsteroidal anti-inflammatory drug. IL-33 (pg/mL) sST2 (pg/mL) P < 0.05 P = 0.411 P = 0.002 healthy controls but that were significantly lower in patients with OA than RA. The synovial fluid levels of IL-33 and sST2 were also measured in 16 samples of RA and 10 samples of OA. The mean level of IL-33 was 2,235.8 ± 5,035.4 pg/mL in the synovial fluids of RA, which was significantly higher than those of OA (424.8 ± 40.5 pg/mL, P = 0.015). However, the mean sST2 concentration of synovial fluid did not differ between the RA (2,508.3 ± 5,496.6 pg/mL) and OA (1,363.1 ± 2,156.7 pg/mL). These values are shown in Fig. 1B .
Similar to the synovial fluid levels of IL-33, the expressions of IL-33 and ST2L in RA synovium were greater than OA synovium (Fig. 2) .
IL-33 and sST2 concentration in association with inflammatory markers IL-6, IL-1β, and CRP levels were also measured in sera of patients with RA to confirm whether IL-33 is involved in the pathogenesis of RA and therefore reflects inflammatory status of the disease. Significant positive relationships were found between IL-33 and IL-1β levels (r = 0.311, P = 0.005) and IL-33 and IL-6 levels (r = 0.264, P = 0.017) in the 81 RA patients. The serum levels of sST2 also correlated significantly with both IL-6 and IL-1β levels in RA patients (Table 2 ). However, in the patients with OA, no significant correlation was observed between IL-33 and IL-1β or IL-6 levels, or between sST2 and IL-1β or IL-6 levels.
Decreased serum concentration of IL-33 and sST2 with DMARDs therapy In 10 patients with treatment-naïve RA, the levels of IL-33, sST2, and CRP were compared before and after DMARDs therapy. The 9 patients out of them were administered more than 1 kind of DMARDs including methotrexate (MTX). MTX, hydroxychloroquine and sulfasalazine were administered to these patients. The remaining one patient received hydroxychloroquine and low dose steroid only because of the patient's refusal and low disease activity. Low dose glucocorticoids were administered to all of the patients. Fig. 3 shows the individual values of IL-33 and sST2 before and after treatment with DMARDs. The serum levels of both IL-33 and sST2 decreased after DMARDs therapy in the patients with RA (P = 0.034 and 0.012, respectively). As CRP is widely used to ascertain the degree of inflammatory response, we also measured the serum level of CRP. Along with IL-33 and sST2, CRP levels also decreased significantly after treatment with DMARDs in the patients with treatment-naïve RA. In addition, significant positive relationship (r = 0.827, P < 0.01) was found between the degree of IL-33 concentration decrease and that of CRP after treatment. In case of sST2, there was no relationship with the changes of CRP concentration (r = 0.547, P = 0.203).
DISCUSSION
In our study, the serum level of IL-33 was higher in the patients with RA as well as OA than healthy controls. And the IL-33 concentration was higher in RA synovial fluids than those of OA. Palmer et al. (14) reported IL-33 staining in endothelial cells in both inflamed RA synovium and normal synovial tissue. While the resting synovial fibroblasts express little or no IL-33, its expression is markedly increased by TNF-α and IL-1β (15). Schmitz et al. (3) demonstrated that activated dendritic cells (DCs) and macrophages express low quantities of human IL-33 mRNA. The synovial fluids of RA patients and perivascular regions of RA synovium exhibit increased numbers of myeloid and plasmacytoid DCs (16) . Macrophages are abundant in the inflamed synovial membrane and activation of macrophages in the inflamed synovial membrane correlates with the severity of rheumatoid arthritis (17) . Therefore, synovial fibroblasts, endothelial cells, activated DCs, and macrophages may be the main source of IL-33 in synovial fluid from RA patients (3, 15) .
Within our knowledge, there is only one study showing serum level of IL-33 in OA patients. In that report (18) , serum level of IL-33 in OA patients is significantly lower than that of RA. Although OA is still generally considered a degenerative disorder, the development and progression of OA are now believed to involve inflammation even in the early stages of the disease. Secreted inflammatory factors such as proinflammatory cytokines are critical mediators of the disturbed metabolism and enhanced catabolism of joint tissue involved in OA. IL-1β, TNF and IL-6 seem to be the main proinflammatory cytokines involved in the pathophysiology of OA (19) . Fig. 1A showed elevated level of IL-33 in sera of both RA and OA patients comparing to those of healthy controls. It seems odds that serum level of IL-33 does not differ between the patients with RA and OA. Since the OA patients were older than RA in our study (61.6 ± 7.7 and 52.1 ± 13.3 yr, respectively), it is conceivable that serum level of IL-33 is affected by aging. So, we determined to compare the serum levels of IL-33 in younger OA patients (≤ 65 yr) with older (> 65 yr) to ascertain the impact of age on IL-33 level. The mean value of serum IL-33 was not different between the two groups (P = 0.167). And also, there was no difference in IL-33 concentration between OA patients and age, sex-matched RA patients (P = 0.313). Conclusively, the age factor did not seem to influence the level of circulating IL-33 in OA patients in this study. We think that these results could support the above belief in OA as an inflammatory disease.
Considering from another aspect, administration of glucocorticoids could reduce the serum level of IL-33 in the patients with RA. As showed in Table 1 , over half of the RA patients were taken low dose of oral glucocorticoids. On the contrary, none of the OA patients was taken steroids. It is well known that glucocorticoids suppress many function in activated monocyte/macrophages, including the release of TNF-α. The use of oral glucocorticoids in RA patients might affect the serum concentration of TNF-α and consequently reduce the IL-33. This presumption could be supported by the recently published data that serum concentrations of IL-33 were reduced after anti-TNF therapy (18) .
Although the mean concentration of serum IL-33 is not different to our surprise, the level of IL-33 in OA synovial fluids is significantly lower than that of RA. We assume that this discordant finding between the serum and synovial fluid might imply the different milieu between RA and OA joints.
One of our study limitations is lack of disease activity, such as Disease Activity Score 28 (DAS28) for RA and Western Ontario and McMaster Universities (WOMAC) for OA. Although we did not estimate the disease activity, Matsuyama et al. (20) reported that DAS-28 based on C-reactive protein levels (DAS28-CRP) were significantly higher in patients with detectable levels of IL-33 in sera than in those with undetectable levels. Despite this limitation, our study showed the similar trend of IL-33, sST2 and CRP changes after treatment. That could suggest the usefulness of IL-33 as one of the inflammatory markers such as CRP in RA. On the contrary, Mu et al. presented that the level of serum IL-33 was correlated only with the production of IgM and anti-citrullinated peptide antibody but not correlated with the score of the disease activity index (18) . It is well known that IL-6 and IL-1β are inflammatory cytokines. We discovered significant positive relationships between IL-33 and IL-1β levels, and IL-33 and IL-6 levels in the RA sera. Actually, Xu et al. (15) showed that IL-33 increases the levels of IL-1β, IL-6, IL-13, and chemokines produced in vitro by bone marrow-derived mast cells from wild-type but not from ST2 -/-DBA/1 mice. Palmer et al. (14) reported that an anti-ST2 blocking antibody inhibited IL-33-induced IL-6 secretion. These results suggest that increased IL-33 leads to upregulation of inflammatory cytokines such as IL-1β and IL-6 in patients with RA. Therefore, we think that serum level of IL-33 could partially reflect the RA disease activity more than CRP alone does. Certainly, further research should be performed to ascertain the utility of IL-33 as biomarker for assessing disease activity in patient with RA.
In contrast to RA, we failed to find any significant correlation between IL-33 and IL-6 or IL-1β in sera of OA. As showed in Fig.  1A , sera of the OA showed elevated level of IL-33 comparable to that of RA. So, it is plausible that the levels of other cytokines that increase IL-33 production, which we did not measure, might be increased in the patients with OA.
In our study, the serum level of sST2 was higher in patients with RA than OA, but the concentration of sST2 in synovial fluid did not differ significantly. The comparable concentration of sST2 in OA synovial fluid to that of RA suggested the possibility of relatively higher inflammatory milieu in RA synovium, judging on the fact that sST2 acts as a decoy receptor that prevent the interaction of ST2L with IL-33. To our knowledge, this is the first report to examine sST2 levels in sera and synovial fluids from RA patients and to compare these values with those in OA patients and healthy controls. Kuroiwa et al. measured serum sST2 levels in patients with autoimmune diseases including SLE, RA, systemic sclerosis, Wegener's granulomatosis, and Behcet's disease (12) . However, they did not compare the sST2 levels of serums nor that of synovial fluids from patients with these different autoimmune rheumatic diseases and healthy controls. sST2 is secreted by mouse fibroblasts or macrophages or by human monocytes stimulated with proinflammatory cytokines and anti-CD3-activated Th2 clones (8) . Therefore, it is possible that the inflammatory milieu is responsible for the increased level of sST2 in synovial fluid. Our present data also showed that serum sST2 level as well as IL-33 decreased following DMARDs therapy in treatment-naïve RA patients. This observation suggests that the inflammatory state is involved in the production of sST2 in patients with RA.
We found that ST2L was expressed in the RA synovium but we detected no ST2L expression in the OA synovium. The expression of ST2L is restricted to the surface of Th2 cell and mast cells (3) , and is implicated in regulating Th2-associated immune responses, although ST2L can also promote Th1-type responses under certain conditions (21) . The regulation of ST2L expression can be influenced by surrounding mediators. For example, IL-4 enhances and IFN-γ suppresses ST2L expression on Th2 cells (22) . Although RA is considered to be mediated by Th1/Th17 cells, the expression of IL-4 is significantly elevated early in RA (23). Liew et al. (24) suggested that in early RA, IL-33 produced by synovial fibroblasts and synovial endothelial cells induces a Th2-type response.
The infiltration and activation of mast cells in the synovium are involved in the pathogenesis of RA (15) . Liew et al. (24) also proposed that in established RA, IL-33 causes mast cell-mediated inflammation, which amplifies the Th17 cell response. In addition to mast cell, recent report (25) elucidated that IL-33 receptor was also expressed in synovial tissue, macrophage and activated neutrophil and IL-33 induced neutrophil migration by activating synoviocytes and macrophage in animal model. In that study, it was also showed that anti-TNF alpha therapy prevented IL-33-induced neutrophil migration in patients with RA. The RA patients included in our study had established RA, and we hypothesized that the increased expression of ST2L in the RA synovium would be caused by increased infiltration of mast cells or neutrophils. However, in this study we did not confirm the phenotype of cells expressing ST2L.
Whereas ST2L mediates the inflammatory effect of IL-33, sST2 has immunosuppressive activity by acting as a decoy receptor for IL-33 or has a direct anti-inflammatory action (8) . Therefore, increased expression of sST2 could be a physiological mechanism to suppress the damaging inflammatory responses induced by IL-33. An anti-inflammatory action of the membrane-bound ST2 has been also suggested (26) .
Although recombinant pro-IL-33 is cleaved by recombinant caspase-1 in vitro (3), the in vivo role of caspase-1 in the cleavage of pro-IL-33 remains controversial (27) . There are many controversial results about IL-33 production from various kinds of cells. Actually, caspase-1-, and caspase-8-independent IL-33 production by macrophage and mast cells was also showed in recent report (28) . And although pro-IL-33 was demonstrated to show biologic activity in inducing mast cell activation, cleavage of pro-IL-33 by caspase-1 in vitro resulted in loss of that biologic activity in a few reports (29) . Concerning about the conversion of IL-33, it is awkward to conclude circulating IL-33 itself is http://dx.doi.org/10.3346/jkms.2011.26.9.1132 biologically active.
To define the role of the IL-33/ST2 system in the pathogenesis of a disease, it is necessary to examine the expression of IL-33, sST2, and ST2L simultaneously. To our knowledge, our study is the first to measure serum IL-33 and sST2 levels simultaneously in patients with RA and OA.
In conclusion, this study demonstrated that IL-33 was significantly elevated in the sera and synovial fluids of RA and that serum level of IL-33 correlated with that of IL-1β and IL-6. The serum concentration of sST2 was also higher in RA than in healthy controls. Serum IL-33 and sST2 levels decreased together with CRP, after DMARDs therapy in patients with treatment-naïve RA. Our results suggest that IL-33 is involved in the pathogenesis of RA and may reflect the degree of inflammation in patients with RA. Further studies are needed to define the role of elevated sST2 level in patients with RA.
